Microelectrophoresis is a common technique for probing the surface chemistry of the Cryptosporidium parvum oocyst. Results of previous studies of the electrophoretic mobility of C. parvum oocysts in which microelectrophoresis was used are incongruent. In this work we demonstrated that capillary electrophoresis may also be used to probe the surface characteristics of C. parvum oocysts, and we related the surface chemistry of C. parvum oocysts to their stability in water. Capillary electrophoresis results indicated that oocysts which were washed in a phosphate buffer solution had neutrally charged surfaces. Inactivation of oocysts with formalin did not influence their electrophoretic mobility, while oocyst populations that were washed in distilled water consisted of cells with both neutral and negative surface charges. These results indicate that washing oocysts in low-ionic-strength distilled water can impart a negative charge to a fraction of the oocysts in the sample. Rapid coagulation experiments indicated that oocysts did not aggregate in a 0.5 M NaCl solution; oocyst stability in the salt solution may have been the result of Lewis acid-base forces, steric stabilization, or some other factor. The presence of sucrose and Percoll could not be readily identified on the surface of C. parvum oocysts by attenuated total reflectance-Fourier transform infrared spectroscopy, suggesting that these purification reagents may not be responsible for the stability of the uncharged oocysts. These findings imply that precipitate enmeshment may be the optimal mechanism of coagulation for removal of oocysts in water treatment systems. The results of this work may help elucidate the causes of variation in oocyst surface characteristics, may ultimately lead to improved removal efficiencies in full-scale water treatment systems, and may improve fate and transport predictions for oocysts in natural systems.
Cryptosporidium parvum is a parasitic protozoan that causes the diarrheal disease cryptosporidiosis. It has been associated with many outbreaks of disease in recent years (7, 12, 16) . There was an outbreak in Milwaukee, Wis., in which C. parvum was linked to over 400,000 illnesses and 104 deaths (27) . When outside the host, C. parvum exists as an oocyst, which is highly resistant to a myriad of environmental conditions (12) .
Efficient removal of C. parvum oocysts from drinking water supplies by conventional treatment processes has been reported previously (31) . However, C. parvum oocysts continue to break through water treatment plants and enter drinking water distribution systems (7, 19, 25, 32, 35) . Repeated breakthroughs of C. parvum oocysts may be the result of an incomplete understanding of how oocysts interact chemically and physically under conditions encountered in water treatment systems (5, 7) . Knowledge of the oocyst's surface chemistry and subsequent surface interactions during the water treatment process may be used to prevent such breakthroughs.
In order to study the surface chemistry of C. parvum oocysts, oocysts must be purified from infected animals since there is currently no cost-effective method to grow oocysts in vitro. There are a number of methods for isolating oocysts from animal feces (37) . In addition, oocysts are typically washed and stored in a variety of solvents, such as distilled water, prior to use. Knowledge of the influence of purification methods on oocyst surface chemistry is limited (2) , yet oocysts are still studied without taking into account this potentially crucial factor. Current guidelines for carrying out studies with oocysts do not take into account the potential effects of altered surface charges due to storage media (11) . Use of oocysts with disparate surface characteristics in laboratory and pilot plant studies can lead to results which may not be extrapolated to full-scale operations. Indeed, changes in particle surface chemistry can have a significant influence on particle aggregation and adhesion (1, 4, 15, 24, 26) . An improved understanding of the influence of oocyst purification and handling methods on oocyst surface chemistry and subsequent stability (vide infra) in water may lead to more effective oocyst removal in engineered processes.
Microelectrophoresis has commonly been used to quantify the electrophoretic mobility of oocysts (electrophoretic mobility provides an estimate of surface charge). Unfortunately, the results reported previously for electrophoretic mobility have been incongruent. For example, some studies have shown that C. parvum oocysts have an isoelectric point near pH 2.5 (10, 20, 22, 23, 29, 33) , while other reports (2) have demonstrated that the oocyst surface remains neutral at pH values between 2 and 10. Thomas and coworkers (36) recently reported that oocysts suspended in CaCl 2 solutions had near-zero electrophoretic mobility. Brush et al. (2) have reported that variations in observed electrophoretic mobilities were caused by dissimilarities in purification techniques.
Capillary electrophoresis has been used to quantify the elec-trophoretic mobilities of biological samples whose sizes are on the order of 0.5 m (13). Glynn et al. (13) reported that if similar numbers of replicate measurements were used, the standard deviations of electrophoretic mobility measurements obtained by capillary electrophoresis were typically lower than the standard deviations of measurements obtained by microelectrophoresis. They attributed the lower standard deviations to the larger sample size and longer time required for separation with the capillary electrophoresis technique. These investigators further reported variations in charge within monoclonal populations for several different bacterial strains, a significant advantage of capillary electrophoresis over the traditional microelectrophoresis technique. This is possible because the results of capillary electrophoresis are reported on an electropherogram on which retention time is a function of electrophoretic mobility. On the other hand, the results of microelectrophoresis are commonly reported as a single value. Capillary electrophoresis was used in this study to evaluate the influence of selected solvents that are often used to wash or store oocysts on the electrophoretic mobility of oocysts. In capillary electrophoresis, particles and molecules in an electrolyte solution are separated based on charge in a long capillary tube, which has an electric potential applied across its length. The electric potential induces an electroosmotic flow due to a double layer that is formed at the capillary-solvent interface, which causes the bulk electrolyte solution to move from the positive electrode, located at the column influent, to the negative electrode, located at the column effluent. The far end of the column contains a detector (typically a UV detector for biological applications) that measures the presence of molecules and particles at that point in the column. Neutrally charged particles and molecules move through the column with the bulk solvent via electroosmotic flow. A neutrally charged dopant, such as mesityl oxide, is used to measure the bulk solvent flow. Negatively charged molecules and particles move through the column at a rate that is less than that of the dopant. The electrophoretic mobility of a particle can be quantified by the following relationship (13, 21, 34) :
where is the electrophoretic mobility (in meters squared per volt⅐second), L t is the total length of the capillary (in meters), L d is the length of the capillary from the sample inlet to the detector (in meters), V is the voltage applied across the length of the capillary (in volts), t r is the retention time of the neutrally charged dopant (in seconds), and t p is the retention time of the particle (in seconds) (see references 13, 21, and 34 for a more detailed explanation of capillary electrophoresis theory). The term stability is used to describe the tendency of particles to resist aggregation. The stability of particles is a function of repulsive and attractive forces between the particles (9, 41). Factors that affect particle stability in water include pH, ionic strength, surface functional groups, and adsorption of inorganic and organic matter from solution. During the production of drinking water, colloidal particles in raw surface water are typically destabilized, a process which promotes the formation of larger aggregates that can be removed by subsequent physicochemical processes, such as sedimentation, filtration, or flo-tation. Particle destabilization is achieved by adjusting solution chemistry such that the net force between particles is attractive. Mechanisms of particle destabilization and aggregation include compression of the double layer, charge neutralization, precipitate enmeshment, and interparticle bridging (1) . In this study we examined the effects of the double-layer-compression mechanism of coagulation on the stability of C. parvum oocysts. In double-layer compression, electrostatic repulsive forces, caused by charged moieties on particle surfaces, are screened out by increasing the ionic strength with an indifferent electrolyte, such as NaCl. If the electrostatic force is the only repulsive interaction between two particles, then the particles should aggregate via the attractive van der Waals force. However, if other repulsive forces (e.g., Lewis acid-base forces or hydration forces) are present in a system or if the particles are sterically stabilized, then they may not aggregate when the electrostatic force is screened via double-layer compression (14) .
The objective of this project was to determine if the stability of C. parvum oocysts, used as received from commercial sources, was due to their surface charge. In this study we examined the electrophoretic mobility and surface characteristics of C. parvum oocysts as affected by typical isolation and handling procedures. Capillary electrophoresis has not been used previously to determine the electrophoretic mobility of this organism. Knowledge of the electrophoretic mobility and surface chemistry of oocysts may elucidate causes of variation in oocyst surface characteristics reported previously, may ultimately lead to improved removal efficiencies in full-scale water treatment systems, and may improve fate and transport predictions for oocysts in natural systems.
MATERIALS AND METHODS
C. parvum oocysts. C. parvum oocysts were obtained from Waterborne, Inc. (New Orleans, La.) and Pleasant Hill Farm (Troy, Idaho). Oocysts were isolated from feces from experimental infected calves by sucrose and Percoll density gradient centrifugation after initial extraction of the feces with diethyl ether. The oocysts were stored at 4°C in phosphate buffer amended with 1,000 U of penicillin per ml and 125 g of streptomycin sulfate per ml to prevent bacterial growth. Prior to use, the C. parvum oocysts were examined microscopically for purity, and samples that had bacterial contamination were not used. The oocysts were collected by centrifugation (16,060 ϫ g for 5 min) and suspended in distilled water or a phosphate buffer solution (20 mM, pH 7). Oocysts used in diffuse reflectance infrared spectroscopy were obtained from the Department of Microbiology and Immunology, Cornell University (Ithaca, N.Y). The purification and storage procedures used for these oocysts were the procedures described by Brush et al. (2) . These oocysts were washed as described above. Unless otherwise stated, all oocysts were used within 2 months of the time that they were received. The actual age of the stocks may have been slightly greater because the time between purification and delivery was not known.
Microspheres. Use of capillary electrophoresis to quantify the electrophoretic mobility of particles whose size was comparable to that of C. parvum oocysts (3 to 5 m) was validated with latex microspheres that were approximately the same size. Surfactant-free, 5-m, carboxylate-modified polystyrene latex spheres (CML) were obtained from Interfacial Dynamics Corp. (Portland, Oreg.). Stock suspensions of microspheres were washed in deionized water until monodisperse (nonaggregated) suspensions were produced, and the microspheres were suspended in a 1 mM NaHCO 3 electrolyte solution. Monodisperse suspensions were verified by light microscopy and particle-counting techniques.
Capillary electrophoresis. Capillary electrophoresis experiments were performed by using a Dionex capillary electrophoresis system (Dionex, Sunnyvale, Calif.). The fused silica capillary, supplied by Phenomenex (Torrance, Calif.), was approximately 57 cm long and 75 m in diameter. As presented by Dionex, a window for the detector was placed (the polyamide was burned off) 52 cm from the sample injection reservoir. Because more than one capillary was used during this study, the times required for the sample to reach the detector window varied slightly. To ensure consistency, detection times were quantified for all experiments with a neutral dopant. A 1 mM NaHCO 3 electrolyte solution (pH 8.4) was used for all experiments. Sodium bicarbonate was selected because it buffers the pH in natural systems in which C. parvum oocysts may be encountered. Samples were injected by gravity and were eluted through the column at 30 kV. The detector wavelength was set at 210 nm by using the method of Glynn et al. (13) . Mesityl oxide was used as a neutral dopant to quantify the bulk fluid movement through the column. Experiments were conducted both in the presence and in the absence of the dopant to determine the influence of the dopant on oocyst mobility. The capillary was cleaned between samples by injection of 0.1 M H 3 PO 4 , followed by 0.5 M NaOH. The capillary was then rinsed with the 1 mM NaHCO 3 electrolyte solution until a stable baseline was obtained. All experiments were performed in triplicate. Proper operation of the instrument was verified by sampling the neutral dopant and examining the migrating medium. For example, the presence of oocysts corresponding to a particular peak was confirmed by (i) repeating the experiment, (ii) stopping the flow of electrolyte just prior to the retention time observed for oocysts in the previous experiment by removing the applied voltage, (iii) immediately removing the capillary from the instrument and separating it just upstream of the window, (iv) placing the migrating medium on a microscope slide, and (v) verifying the presence of C. parvum oocysts with a light microscope at a magnification of ϫ1,000.
Microscopy. A light microscope and a Petroff-Hauser counting chamber were used to evaluate the tendency of C. parvum oocysts and CML microspheres to aggregate in distilled water and 0.5 M NaCl. The percentage of aggregates was estimated by dividing the total number of aggregates by the total number of particles counted in the chamber for each treatment. For purposes of comparison, the concentrations of oocysts and CML microspheres were maintained at the same order of magnitude for all experiments.
Infrared spectroscopy. Attenuated total reflectance (ATR)-Fourier transform infrared (FTIR) spectra were obtained by placing a suspension of oocysts on a ZnSe ATR crystal. Oocysts were allowed to settle for 20 min to obtain the best spectra. The sample chamber was flushed with N 2(g) to minimize the effects of gaseous CO 2 and H 2 O. The spectra were then corrected for peaks resulting from residual CO 2 and H 2 O. Diffuse reflectance spectra were obtained by using freeze-dried oocysts, which were mixed with dry KBr. Spectra were corrected for small impurities (absorbed H 2 O) in the KBr.
RESULTS

Electrophoresis.
Initially, the capillary electrophoresis technique was validated with CML microspheres that were approximately the same diameter as C. parvum oocysts. Microspheres with carboxyl surface functional groups were used because C. parvum oocysts have been reported to have similar surface functional groups (22) . Figure 1a shows a typical electropherogram of CML microspheres and a mesityl oxide dopant. Peaks from 0 to ca. 30 s were the result of noise caused by application of the 30-kV energy potential following sample injection. This noise did not influence the parameters required to calculate the electrophoretic mobility (see equation above). The peak on the electropherogram at 1.8 min corresponds to the dopant, and the peaks at ca. 3 min correspond to the CML microspheres. The electropherogram in Fig. 1a shows that there was a distribution of CML microspheres with various surface charges. Similar findings have been reported for latex spheres (13) and single-strain microbial populations (38) . Figure 1a shows that the electrophoretic mobility of the CML microspheres was ca. Ϫ3.6E-08 m 2 /V⅐min. This value is comparable to the value expected by the manufacturer (James Goodwyn, Interfacial Dynamics Corp., personal communication). Figure 1b is a typical electropherogram of C. parvum oocysts supplied by Waterborne Inc., and the sample was analyzed as received. The single peak at 1.9 min corresponds to the oocysts. The presence of C. parvum oocysts corresponding to the peak in Fig. 1b was verified by microscopic examination of the migrating medium. The retention time for the dopant was also Representative electropherogram of C. parvum oocysts, which were analyzed as received. The single peak at 1.9 min corresponds to the oocysts. The peak indicated by the dashed line represents the retention time for both the mesityl oxide dopant and C. parvum oocysts, showing that the two have the same value. (c) Representative electropherogram for oocysts washed in distilled water. The peak at ca. 2 min represents both oocysts and the mesityl oxide dopant.
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STABILITY OF C. PARVUM OOCYSTS 1.9 min. The results indicate that the oocysts migrated through the column via electroosmosis with the carrier electrolyte, which implies that they were not charged. Similar results were obtained with additional batches of C. parvum oocysts that were supplied by Waterborne Inc. and Pleasant Hill Farm. Figure 1c shows a typical electropherogram for oocysts (from the first batch of Waterborne Inc. oocysts) that were washed in distilled water. The peak at ca. 2 min represents oocysts and the dopant. Additional peaks represent charged oocysts. Similar results were obtained with additional batches of C. parvum oocysts that were supplied by Waterborne Inc. and washed in distilled water. These results indicate that a fraction of the oocysts became negatively charged after they were washed with low-ionic-strength distilled water. Washing oocysts in the phosphate buffer solution did not impart a negative charge to the oocysts (the electropherograms for these oocysts were comparable to those shown in Fig. 1b) . A third batch of oocysts, which were washed in distilled water by Waterborne Inc., contained both neutral and negatively charged oocysts.
Microscopy. A Petroff-Hauser counting chamber was used to determine if the effects of double-layer compression could be observed with C. parvum oocysts. As when capillary electrophoresis was used, the experimental approach was validated with CML microspheres. The aggregation of CML microspheres suspended in either distilled water or 0.5 M NaCl is shown in Fig. 2a . The results of a similar experiment performed with C. parvum oocysts are shown in Fig. 2b . Unlike the CML microspheres, the oocysts did not aggregate in the 0.5 M NaCl solution. Figure 3 shows a photomicrograph of oocysts and CML microspheres in the Petroff-Hauser counting cham-ber suspended in the 0.5 M NaCl solution. Aggregates of CML microspheres are plainly visible.
Infrared spectroscopy. We hypothesized that sucrose, which was used in the primary purification of C. parvum oocysts from feces, may have coated the oocyst surface, possibly resulting in polar characteristics due to hydrogen bonding, without adding a surface charge. ATR-FTIR spectroscopy was used to determine if selected reagents used in the purification process could be found on the oocyst surface. ATR spectra for Waterborne Inc. oocysts, sucrose, and Percoll are shown in Fig. 4 . The presence of sucrose and Percoll could not be identified in the spectrum for the C. parvum oocysts. Figure 5 shows a spectrum for C. parvum oocysts that were treated with formalin and washed. This spectrum shows that formalin was present on the surface of the oocysts, although formalin did not impart a surface charge. Diffuse reflectance spectra were obtained with freeze-dried oocysts mixed with KBr. The resulting spectra indicated that there were two identifiable functional groups: alkyl C-H stretches and carbonyl groups (Fig. 6 ). Based on oocyst composition, Karaman et al. (22) also reported the presence of carbonyl groups on the oocyst surface. The results indicate that the oocyst surfaces observed in this study were capable of forming hydrogen bonds, which allowed an oocyst with a neutral surface to interact with water and/or polar domains via Lewis acid-base forces (14) . The spectra also show that there were similarities between oocysts obtained from two different sources. It has been observed that freeze-drying may alter the composition of the cell surface (30) .
DISCUSSION
The findings shown in Fig. 1b and c may help explain previous conflicting reports concerning surface charge (3, 10, 20, 23, 22, 29, 33, 36) . For example, using microelectrophoresis, Brush et al. (2) reported finding neutrally charged C. parvum oocysts. In contrast, other workers have reported that the surface of the C. parvum oocyst is exclusively negatively charged at circumneutral pH values (10, 20, 23, 22, 29, 33) . It should be noted that washing procedures were not clearly outlined in some of these studies. It is possible that ionized functional groups on the oocyst are coated with up to 20 to 30 nm of a carbohydrate-rich glycocalyx (3, 28) . Washing oocysts in lowionic-strength solvents may result in removal of a glycocalyx and a concomitant increase in the electrophoretic mobility. The observed increase in C. parvum oocyst electrophoretic mobility as a result of washing in low-ionic-strength solvents is consistent with results reported by Pembrey et al. (30) for other microorganisms. Formalin, which is used to inactivate C. parvum oocysts, has also been reported to increase the electrophoretic mobility of C. parvum oocysts (2) . Our results suggest that formalin did not impart a significant charge to the FIG. 4 . ATR spectra of C. parvum oocysts and chemicals commonly used in the oocyst purification process.
FIG. 5. ATR spectra of formalin-treated oocysts (spectrum a) and oocysts not exposed to formalin (spectrum b). Note the absorption bands identified in spectrum a by asterisks that correspond to formaldehyde. These bands may arise from either formaldehyde adsorbed onto the surface of the oocyst or formaldehyde absorbed into the oocyst. Also note the absence of these bands in spectrum b. oocysts surface. (The electropherograms for formalin-treated oocysts were comparable to those shown in Fig. 1b .)
The lack of surface charge indicated by the capillary electrophoresis data was supported by stability (aggregation) experiments. Compared to the data obtained with distilled water, the larger percentage of aggregates in the electrolyte suspension suggests that double-layer compression may have resulted in a reduction in electrostatic repulsion between the CML microspheres. Unlike the microspheres, the oocysts did not aggregate in the 0.5 M NaCl solution. This observation was consistent for oocysts received from several suppliers. These results support the electrophoresis data presented above and suggest that C. parvum oocysts may not have a significant surface charge. The stability of oocysts in the salt solution may have been the result of Lewis acid-base forces, steric stabilization, or other factors (14) . The polar nature of the oocyst surface (i.e., the ability to hydrogen bond) was observed in the ATR spectra, which may implicate Lewis acid-base interactions (14) . A rationale for oocyst stability has been described previously. For example, Walker and Montemagno (42) reported that sorption of oocysts to Al 2 O 3 was observed only for oocysts that had their walls disrupted by some environmental stress, such as freeze-thaw cycles. Using laterally resolved force microscopy, Considine et al. (6) found that proteinaceous materials on the oocyst surface may be responsible for steric interactions. Furthermore, Harter et al. (18) reported reversible adhesion of oocysts to sandy soils and aquifer sediments and reported only a very weak electrostatic energy of interaction. Recently, Dai and Boll (8) reported that oocysts entrained in overland flow travel freely in the water column and do not attach to particulate matter in the sediment load as a result of electrostatic interactions. Although the reason for the stability of oocysts remains unclear, our aggregation results are consistent with the capillary electrophoresis data shown in Fig.  1b . The upshot is that the capillary electrophoresis data, aggregation data, and ATR spectra obtained in this work indicate that oocysts remain stable in a water column without a significant net surface charge.
Although ATR spectroscopy can penetrate up to several microns beyond the surface of a sample (17) , it has been shown that infrared spectroscopy is useful for probing the molecular properties of other microorganisms (39, 40) , and it was therefore considered a relevant technique for this work. The purpose of using this technique was to determine the presence of residual solvents used in the purification processes, whether on the surface of the oocysts or inside the oocysts. Because sucrose and Percoll could not be identified in the spectra for the C. parvum oocysts that were examined, we presumed that these compounds did not bind to the oocyst surface during the purification procedure and consequently did not influence the stability of the oocysts. The spectra for formalin-treated oocysts shown in Fig. 5 did indicate the presence of formalin residue in the oocysts studied. It is conceivable that formalin penetrated into the cell wall following this treatment step, but it is clear that the formalin could not be removed after several water washes. Penetration of formalin into the interior of the cell was expected since formalin is used to inactivate oocysts. This may explain why formalin-treated oocysts did not have a significant surface charge as a result of formalin.
The results reported here indicate that C. parvum oocysts do not always have a surface charge and that the surface charge may be altered by washing oocysts in distilled water. This finding is noteworthy because it suggests that the stability of C. parvum oocysts in the water column is related to properties other than surface charge, such as hydrogen bonding or steric stabilization. The observed stability without a surface charge may hinder removal of C. parvum oocysts by typical water treatment techniques because the charge neutralization mechanism of coagulation is not effective for particles with this surface characteristic. This may help explain why other workers (3, 31) have reported that optimal removal of C. parvum oocysts requires the precipitate enmeshment mechanism of coagulation. Additional research is required to identify whether naturally occurring oocysts are charged and to evaluate the influence of natural waters on oocyst surface chemistry. Such information might improve the detection of oocysts in environmental systems and improve the efficacy of treatment processes designed to remove oocysts from water streams. The capillary electrophoresis technique might be useful in this regard. Finally, the results suggest that storage and preparation of oocysts may affect the outcomes of bench-scale treatment studies. Current guidelines related to oocyst stocks are very specific about many aspects of oocyst suspensions used for such experiments, but the results of this work suggest that storage and preparation aspects should be considered carefully as well.
